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ABSTRACT 

We present a quantitative  study of the far-ultraviolet (FUV) and optical 

morphology in 3% nearby  galaxies and  estimate  the “morphological  k-correction” 

expected if these  objects were observed  unevolved at high redshift.  Using  the 

common  indices of central  concentration ( C )  and  rotational  asymmetry ( A )  to 

quantify  morphology, we consider  independently  two  phenomena that  give  rise 

to  this k-correction.  Bandshifting, the decrease in rest-frame  wavelength of 

light observed  through  optical  filters, is explored  by  measuring  these  indices in 

several passbands  for  each  galaxy,  and  it is found to  be  the  primary  driver of 

changes in C and A. In general, the  optical  trend  found for decreasing C and 

increasing .4 when going to  shorter  wavelengths  extends  to  the FUV. However, 

the  patchy  nature of recent  star-formation  in  late-type  galaxies,  which is 

a,ccentuated in the FUV, results  in  poor  quantitative  correspondence  between 

morphologies determined in the  optical  and FUV. 

FF’e then  artificially  redshift  our  FUV  images  into  the  Hubble  Deep  Field 

(HDF) filters to  simulate various  cosmological distance effects such as surface 

brightness  dimming  and loss of spatial resolution.  Hubble  types of many galaxies 

in our  sa.mple are  not  readily  identifiable a t  redshifts  beyond z - 1, and  the 

gdasies  themselves  are difficult to  detect beyond 2 - 3 .  Because  only  features 

of the highest  surface  brightness  remain visible at cosmological distances,  the 

change in C‘ and A between simulated higtl-: galasies a,nd their  unredshifted 

counterparts  depends  on  whether  their  irregular  features  are  primarily  bright 

or  faint.  Our  simulations  suggest  that I;-corrections  alone are  indeed  capable 

o f  producing the peculiar  morphologies  observed a.t  high redshift:  for  example, 

srveral spirals  have C y  and  .A indices  typical of irregular/peculiar H D F  o1)jects 

vit~weci a t  3 2 2. We bricfly discuss some t:lrments o f  a. scheme to  classify 

k 



rest-frame UV images,  mergers,  protogalaxies,  and  other  objects for which 

classical Hubble  types do not  adequately  encompass  the  existing  mbrphology. 



1. Introduction 

The morphology of galaxies in local and  distant  populations  provides clues about  the 

physical  processes that  shaped  these  systems,  either  at  the  time of their  formation  or  during 

their  evolution over the  age of the  universe. In the  framework of the  traditional  Hubble 

scheme,  morphology  has  been  correlated  with  a  number of fundamental  underlying  physical 

properties (for a comprehensive  review  see  Roberts & Haynes 1994 and references  therein). 

Ellipticalhgalaxies  are  dynamically  hot  systems  supported  by  their  velocity  dispersions, 

while  spiral  (disk)  galaxies  are  dynamically cold and  rotationally  supported (e.9. Kormendy 

1982). Bulge-to-disk ratios reflect the  relative  importance of dynamically  hot  and cold 

populations (e.g. Kent  1986).  The  presence of a  bar  may  imply  secular  evolution  that 

builds  spiral  bulges or produces  starbursts  (Pfenniger & Norman  1990;  Courteau,  de 

Jong, &. Broeils  1996).  Galaxies  with ea.rly types in the  Hubble  sequence  tend  to  be  more 

massive,  more  luminous,  and  have less gas  and  a lower present-day  star  formation  rate 

than  late-type  systems  (Roberts & Haynes).  However,  it is expected  that  the  morphology 

of high-redshift  galaxies  could  be  quite  different  from that observed  locally. Theoretical 

scenarios of structure  formation in the universe  predict a significant fraction of mergers  and 

interacting  systems  at  high  redshift  compared  to  the local population (e.g. Baugh,  Cole, 

& Frenk  1996). By carefully  comparing  samples of nearby  and  distant  objects,  it  may  be 

possible to identify the  characteristics of protogalaxies  and  young  star-forming  systems 

and  understand  the roles of monolithic colla.pse and  mergers in shaping  the  galasies of the 

current  epoch. i 

There  are two major  drawbacks  to  using  the  Hubble  scheme in studies of galaxy 

evolutiort  from deep  surveys:  its  subjective  nature,  and  its lack of descriptive  and 

discriminative power for the  irregular,  sta.rbursting, ant1 interacting  systems t h a t  may be 

more prcvalent,  a t  high redshift. (.!lassificat,iorl into t-fllbl)le t,ypes is b a s ~ l  0 1 1  (1u;Llit;ltive 
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analysis of observable  features in  each  galaxy, a,nd  it can thus differ from  one  observer 

to  another.  Multiple  features  are  considered  and  weighted  together,  making it difficult 

to  automate  classification on the  Hubble  sequence  and  occasionally  yielding  internally 

contradictory  suggestions of the  type (e .9 .  bulge-to-disk ratio us. winding of the  spiral 

arms). In a comparison of classifications of -800 galaxies by six expert  morphologists, 

Naim  et al. (1995)  find a dispersion in  revised  Hubble T index of c -1.8, where a change 

of 1.0 corresponds t o   t h e  difference  between, e.9. Sa and  Sab. For peculiar  galaxies,  the 

level of aireement  between different experts’ classifications is substantially lower (Naim & 

Lahav  1997),  and  the  Hubble  scheme  does  not  divide  the  pecuhr  systems  into  any  further 

categories  beyond  division of the  faint  irregulars  with  no  bulge or arms  and  the  peculiar 

galaxies that  may  have  tidal  features,  mergers, or other  obvious  disruptions.  This  ambiguity 

at  the  late  end of the  Hubble  sequence is particularly  problematic for surveys  that  probe 

evolution of the  galaxy  population  because  there is evidence of an  apparent increa.se  in the 

fraction of irregular/peculiar  galaxies  at  high  redshift (e .9 .  Brinchmann  et al. 1998; Driver 

et  al. 1995; Abraham  et  al.  1996a). 

In recent  years,  renewed  attention  has  focused on the  qua.ntitative classification 

of galaxies as an  objective,  automated  measure of their  properties  and  evolution.  The 

emerging  methods  are,  by  design,  easily  applicable  to  the  current  generation of large CCD 

imaging  surveys.  Abraham  et al. (1994)  developed  a  numerical  index for the  central 

concentration ( C )  of galaxies, following the Yerkes  classification system of Morgan  (1955) 

and  the  correlations  between  concentration  and  Hubble  type  presented  by  Oka.mura, 

Kodaira, (pi LVatanabe (1984) and Doi, Fukugita, & Okamura (1993). These  authors  later 

(Abra.ham  et  al.  1996b)  added  a  quantitative  measure of galaxy  asymmetry (-4) to  form 

a. two-part  classification  system  that  distinguishes  between  three bins: E/SO galaxies, 

spirals. a I L ( 1  irreglll;lr/l>ec~lliar  systems. I f  c h t a  from  different wavelengths are available, it 

is possiblt. to f l i r ther  divide the latest  type bin hetweet1 the H l l b b l e  Irr  typt’s a r 1 ( 1  rnorgers 



using a correlation  between color and  asymmetry  that is valid only for non-interacting 

galaxies  (Conselice,  Bershady, & Jangren 1999;  Conselice 1997). An impartant  step in the 

development of this  scheme was the classification of local  galaxies  based  on their  optical 

images, which provides the “calibration” of C and A to Hubble  Types  (Abraham et al. 

1996b; Brinchmann  et al. 1998; Conselice et al. 1999). This ‘4-C classification  system  has 

been used to  study  the  distribution of morphologies  in the Hubble Space   Te lescope  ( H S T )  

Medium  Deep  Survey  (Abraham et al. 1996b), the  Hubble Deep Field (HDF, Abraham et 

al. 1996a7, the ground-based  Canada-France  Redshift  Survey  and  Autofib/Low-Dispersion 

Survey  Spectrograph  Redshift  Survey  (Brinchmann  et  al.  1998),  and HST NICMOS 

deep images (Teplitz  et  al.  1998). Division of the morphological data  into redshift 

bins  demonstrates the  increase  in  apparently  irregular/peculia.r ga.laxies a t  high  redshift 

(Brinchmann  et al. 1998). 

To study  galaxy  evolution, it is important  to  understand  the  behavior of C and 

“I a.s a, function of wavelength  in the local population before applying  these  indices to  

a  sample of objects  observed  at a range of redshifts ( L E .  different  look-back times). 

.At long  rest wavelengths,  where  stellar  light is a good  tracer of mass, low degrees of 

centra.1 concentration  and  symmetry reflect a la,ck of dynamical  organization that  may 

characterize  either  interacting  systems or those  in  the process of formation.  At  shorter 

wavelengths, asymmetry a,nd patchiness  are  more likely to highlight cases in which dust 

a,nd/or  recent  localized  star  formation  strongly  influence  the  observed  morphology.  Thus 

it is not surprising that  B-band  images  already  show lower C and  higher A than  their 

R-band counterparts  (Brinchmann  et  al. 1998;  Conselice 1997’). In  light of the physically 

different  regimes probed by optical  and UV light,  it is necessary to  understand how this 

tnorpho1ogica.l trend  extends  to  the UV to  determine i f  simple quantitative &corrections 

a re  feasible for the  concentration  and  a.symrnetry  indices. 
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Because the  rest--frame  far-ultraviolet  (FUV) light of  galaxies is redshifted  into  optical 

filters at  z - 3 and  into  near-infrared (NIR) ones at  z - 10, the UV morphology of 

local galaxies  provides  an  essential basis for interpreting  images of high-redshift  systems. 

However, this  wavelength  regime is inaccessible  from the  ground,  and  the  availability of 

UV galaxy  images  obtained  from  rocket  and  orbital  missions  has  been  limited  until  quite 

recently (e.9. O’Connell  1997  and  references  therein).  The  existing  data  suggest  that 

UV and  optical  morphology  are  not  often well-coupled (e.9. O’Connell  1997;  Marcum 

et al.  1967, 2000; Kuchinski  et al. 2000, hereafter KOO). Thus it is difficult to  interpret 

the influence of bandshifting on  observed  differences  between the  optical  characteristics of 

nearby  galaxies  and  the  recorded  rest-frame UV appearance of distant  ones.  Compared  to 

their  optical  classifications,  spiral  galaxies  generally  appear  to  have  later  Hubble  types in 

the UV (O’Connell  1997; KOO). Spira,l arms  and  star-forming  rings  are  more  prominent 

in the UV than  at  optical  wavelengths,  while  bulges  and  bars  are  much  fainter,  nearly 

invisible, in the UV (Waller  et  al. 1997: KOO). The UV radial profiles of disk ga.laxies 

are  flatter  than  optical profiles, and  the  central  concentration  appears  to  be lower in the 

UV (O’Connell  1997; Fanelli et al. 199Ta; KOO). FUV images of late-type  galaxies  often 

appear  much  more  fragmented  than  the  optical view (O’Connell  1997),  which  raises  the 

possibility of mistaking  an  ordina.ry  irregular  galaxy  with a merging  protogalaxy  (see also 

KOO). The effects of bandshifting on elliptical  and SO galaxies  are less pronounced  than 

on spirals:  their FUV emission is smoothly  distributed  but is more  centrally  concentrated 

than  optical light (O’Connell  1999).  Although  imaging  dista.nt  galaxies i n  the  infrared 

would lessen bandshifting  effects by sampling  the  rest-frame  optical  instead of the UV out 

to 2 - 3 ,  the  rate of NIR data a.cquisition is currently slower than i n  the  optical. Deep 

N I R  imaging of small  areas  suggests  that  the increa,se i n  peculiarity may not  necessarily 

bc due to  ba,tltishifting  (Hunker 1!)!)9). which cortl(1 he cordirrr1r:tl more rapidly  with  large 

optical samples and a twtt,t.r tltltlersta11tling of‘ the  rtht,ionsllip  lxtweerl LJI’ a n t 1  optical 
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morphology. 

I n  the  absence of data, several attempts  have  been  made  to  simulate  the  appearance 

of high-redshift galaxies by “extrapolating”  the UV morphology  from  optical  images  or 

by applying  the cosmological effects of surface  brightness  dimming  and loss of spatial 

resolution.  Artificial  UV  images of galaxies  have  been  .produced  using template  spectral 

energy  distributions  (SEDs) for  different Hubble  types  to  estimate  the  UV light in each 

pixel  based  on its  optical colors (Abraham  et al. 1996a;  Abraham,  Freedman, & Madore 

1997; Brinchmann  et al. 1998). The apparent  change  in  morphology  due to  bandshifting 

in the A-C classification system  has  been  quantified  by  Brinchmann et al.  (1998)  using 

this  approach.  They  find  that 13% of spirals  are  mislabeled as irregular/peculiar  at z - 
0.7, with  the  fraction  rising  to 24% at z - 0.9. This  fraction  may  be  expected to increase 

at higher  redshifts as rest  wavelengths  move  further  into  the UV. However, it is important 

to  note  that  these  simulations  do  not  utilize  actual UV data. The SEDs  used to  infer UV 

flux from B - R color may  not  accurately reflect local  conditions,  especially  in  very dusty 

regions or in localized starbursts  (Donas,  Milliard, & Laget  1995).  Conselice et  al. (1999) 

degrade  the  resolution  and signal-to-noise (S/N) of optical images of nearby  galaxies to  

simula,te  other effects of distance  and  redshift.  They find their  technique  for  measuring 

asymmetry  to  be  robust  to S / N  variations  (for S/N > 100)  but to  show an  apparent  drop 

in the  asymmetry  index as spatial  resolution  decreases. Working with UV data  directly  to 

avoid uncertainties in the morphological  k-correction due  to  bandshifting, Gia.valisco et  al. 

(1996a)  and  Hibbard & Vacca  (1997)  rebinned  images  and  scaled the surfa,ce brightness to  

s imuhte redshifting. Their  qualitative  analysis of the resulting  morphology  suggests that 

% 

even i n  the  absence of bandshifting, cosmological  effects  cause the  “redshifted”  galaxies 

to have a. later  type  an(l more irregular  appea,ra,nce  (Giavalisco  et  al. 1996, Hibbartl & 

K~cca .  1997). However, cvitllollt objective  criteria to describe  morphology,  it is tliffic-lllt to 

clct,ermirlc w h c t  h e r  t h e  r11ag[1itude of ttlis effect is sllfFicitwt t o  account for the ohsc>rvtd 
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increase in irregular  galaxies  at high redshift.  Ga.rdner  et  al. (1997) have  measured the 

central  concentration  and  asymmetry of five nearby  galaxies on U V  images  resampled  to 

simulate HST images a t  redshifts  near z -2, but  the effects of surface  brightness  dimming 

were  not considered.  They  also find that  spirals  tend  to move to  a later  type bin  in the 

A-C classification system. A quantitative  study of the change in apparent  morphology of 

local galaxies  when  viewed at  high redshift is still  necessary to  determine how the  distant 

galaxy  population  differs  from  that of the  current  epoch. 
% 

In order  to  compare  the  morphologies of galaxies at UV and  optical  wavelengths, we 

observed  a  set of 32 nearby  galaxies in the FUV using the  Ultraviolet  Imaging  Telescope 

(171T) in  low-earth orbit  aboard  the  Space  Shuttle  Endeavour. In KOO, we present FUV and 

ground-based  optical  data for these  galaxies  and  discussed  the  morphology  qualitatively 

based  on  images and  surface  brightness profiles. We find that localized star  formation 

features  dominate  the FUV light  and  FUV-optical color profiles, in contrast  to  the  smooth 

underlying  distributions  seen in optical  images  and profiles. The  strong  deviations  from  a 

smooth  disk or disk + bulge profile that  are  evident in the FUV highlight the difficulty of 

determining  traditional  structural  parameters  from  rest-frame UV images  and  suggest  a 

need to move  beyond the  Hubble  sequence  to  describe UV galasy  morphology. 

In this  paper, we present a quantitative  analysis of the  morphology of the KO0 galaxy 

sample. We use  central  concentration  and  a.symmetry  parameters  to  quantify  handshifting 

and cosmological  effects that  are  inherent in the  study of high-redshift  galaxies. This work 

extends  the  qualitative  investigations of cosmologica,l effects on UV images  carried  out 

by Giavalisco  et  al. (1SSGa) and  Hibbard ,9i Vacca (1!l!K). llnlike  the  Brinchmann  et  al. 

(199S) study of redshift effects  on morphology, we do not rely on the  “extrapolation” of  UV 

morphology from optical  images.  Section 2 reviews the sample selection a.nd data,  acquisition 
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our  method for measuring  the  central  concentration  and  asymmetry.  The  procedure for 

artificially  redshifting  images to  take  into  account  dimming  and  reduced  spatial  resolution 

is presented in Section 4, along  with  a  qualitative  discussion of these effects on  apparent 

morphology.  Section 5 contains  the  results of the  quantitative  morphology  analysis  and a 

discussion of the  totaJ  morphological  k-correction for C and 4 between  local  optical data 

and high-redshift  galaxy  images. In Section 6, we provide a brief summary,  compare  our 

artificially  redshifted  galaxies to  deep HST images,  and  discuss  implications for the  study 

of high-z"ga1axies. We also consider  the  shortcomings of both  the  Hubble  scheme  and  the 

C and A indices for UV galaxy  data,  and we propose  some new parameters  that  may  more 

adequately  describe  the  observed  morphology. 

2. The  Data 

2.1. Sample  Selection 

The  morphological  analysis in this  paper was carried  out on galaxies  drawn  from  the 

sa.mple of UV-optical data  presented in KOO, with the  addition of a few galaxies for  which 

there  are UIT images  but  no  optical  data in our  database.  The  sample  selection for the 

UIT '4stro - 2 mission,  our  source of UV galaxy  images. is discussed in detail in KOO. 

Although  the UIT sample was  designed to cover a  range of morphologies  from  elliptical to 

irregula,r/peculiar, it does  not  statistica,lly  represent  the local distribution of Hubble  types. 

Because we wish to  investigate in  particular  the mor;hology of the  irregular  faint ga.laxies 

seen a,t high redshift,  our  sample is weighted  towards the  spiral  and  irregular UIT galaxies. 

Different subsets of the  sample  are used for  various  parts of our study:  only  galaxies  that 

fit entirely on the  optical  data  frames  and  do not suffer cent,ral saturation i n  the  optical 

filters are tisect to probe  the tlehavior of apparent morphulog!* w i t h  waveltwgth, and only 

galaxies that a re  still  detcctable i r l  t h e  FUV after  artificial rccisl1iftirlg a.re llsetl f o r  ttlt> stutly 
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of redshift-dependent  effects. We also artificially  redshifted  the  I/-band  images of some 

galaxies  into  longer  wavelength  optical  filters to  study  the effects of moderate  redshift;  again 

only  galaxies that fit entirely on the  optical  frame were  used.  Table 1 contains  some  basic 

data for each  galaxy  in  the  sample  and  denotes for which  parts of our  investigation  they 

were used.  More  detailed  information  about  most of these  galaxies  and  our  observational 

data is given in KOO. 

2.2. Observations  and Data  Reduction 

FUV images  were  obtained  using the UIT and  underwent  the  standard  pipeline 

processing  (Stecher et al. 1997). U ,  B ,  V, R, and I images  were  obtained  over  the 

past  several  years at Palomar  Observatory, Las Campanas  Observatory,  and  Cerro Tololo 

Inter-American  Observatory.  The CCD images  were  bias-subtracted,  flatfielded,  and 

combined  (where  necessary)  using  standard  procedures in IRAF (Tody 1986, VISTA (Stover 

1988), and CCDPACK in Starlink.  Artifacts  such  as  the “UIT stripe”  and  cosmic  rays 

on  the  optical  images  were  removed,  and  background  sky levels were  determined for each 

image. We transformed  the  coordinates of the  optical images to  the  system of the FUV 

image for each  galaxy,  yielding a final scale of 1.14”lpixel.  The  optical  images  were  then 

smoothed  to  the UIT resolution of -3”. Finally, we masked  out all foreground  stars in the 

optical  data  and  interpolated over those  regions of the image.. Data  reduction  procedures 

are described i n  more  detail in Iirlchinski et  al. (2009 

3. Concentration and Asymmetry Indices 



significant  body of recent  work,  especially in the  study of distant  galaxies (see references 

in the  Introduction). In general,  galaxies  with high  degrees of central  coricentration  and 

symmetry will have  an  ordered,  regular  appearance  and  those  with low central  concentration 

and large  asymmetry will have  an  irregular  or  peculiar  morphology.  (Here we explicitly 

distinguish  between the  Hubble  “Irregular”  type that is simply  an  extension of the late-type 

spiral  sequence  and  the  generic  “Peculiar”  type  that  has  merger  or  interaction  signatures, 

or unusual  features  that  do  not  correspond  to  any  other  Hubble  types.)  The  combination 

of these t“wo parameters,  plotted as log A us. log C ,  has  been shown by Abraham et al. 

(1996b) to  divide  nearby ( optically-classified) galaxies  into  three  broad  morphological  bins 

corresponding to  the  Hubble sequence:  elliptical/SO,  spiral,  and irregula.r/peculiar/merger. 

This provides a basis for understanding  distant  galaxies  in  terms of the well-studied (at 

optical  wavelengths)  local  population. As noted in several  instances below, the  intrinsic 

patchiness  and low signal-to-noise of the FUV images  have posed  special  difficulties for the 

techniques  typically  used to measure C and “1. We have  therefore modified the definitions 

proposed  by Abraham  et  al. (1994,  1996),  while  retaining  the  general  idea of a correlation 

between high concentration  plus  symmetry  and  an  ordered  a.ppearance.  The effects of these 

modifications will be  explored  later in this  section. 

It is important  to  carefully define a galaxy’s  position a.nd aperture in which the 

concentration  and  asymmetry  indices will be  measured beca,use these indices are known to 

be sensitive to  the  centering  and  aperture size (Teplitz  et  al. 1995; Conselice et al. 1999). 

Many aut>hors define the.  aperture based or1 a threshdd  set  at  some  small  multiple of the 

measured  sky noise, and  then use intensity-weighted  image  moments to define an ellipse 

(e.9. Abraham et a.1. 19YGb; Teplitz  et al. 1998). Aperture  centers are typically  obtained by 

centroicting on the brightest pixel (Teplitz  et a l .  1998). However, the patchy  appearance  and 

prorniner~c~ of star-forming regions i n  t,he FI-V images p ” s  some signitic:at~t difficlllties for 

usirlg tllcse tt~c-llrliqlles i n  a11 unrnodifird nlallnt’r. Sigrrla.--c.lip~)ir~g oftcll p ro t luws  rnl1ltiplr 



small regions within  what visually appears  to be the  galaxy  aperture.  Spiral  arms or large 

areas of star  formation  can in fact be  brighter  than  the  geometric  center o f  the  galaxy (as 

defined by the  optical  center or by the  apparent  center of an  ellipse  enclosing  the  galaxy). 

Here we have used the available  optical data  to  our  advantage in defining the  apertures.  (It 

should  be  noted  that  this would not  usually  be  possible in analyzing  high-redshift  galaxies). 

Isophotal fits to  outer  parts of the  longest  wavelength  galaxy  image  (usually R or I ;  images 

of the  same  galaxy in both filters  yield  nearly  identical  results)  determine  the  ellipticity  and 

position  angle of the  aperture.  The  centroid of this long  wavelength  image is selected to  be 

the fixed aperture  center.  These  ellipse  parameters  are  identical to those  used in KO0 for 

azimuthal  averaging  to  obtain  surface  brightness profiles. The  maximum  aperture  radius is 

the  largest  radius  at  which  there is still  detectable  light  above  the  noise  in  the FUV image, 

which  was  determined  by  visual  inspection of the  light profiles of KOO. This  procedure for 

aperture ra.dius selection  yields a slightly different limiting  surface  brightness for  each  galaxy 

(depending on S/N),  which will be  considered below  in our  determination of uncertainties 

in C and .-I. .As a control, we use the  same  a,perture for each  filter’s image of a galaxy  to 

ensure  that we compare  the  same  physical region of that  galaxy  at all wavelengths. For 

the  small  number of galaxies for which  we  have  only  FCV  data, we estimate  the  center 

and  determine  the  ellipse  parameters  from  isophotal  fits  to  the FUV image. In all of these 

cases, the  ellipticity  agrees well with the RC3 value (de F-aucouleurs  et  al. 1991), and  these 

particular  galaxies  are  regular  enough  that  the  center is fairly unambiguous.  The  ellipse 

parameters for each  galaxy  are  given in Table 2. As,in 1\00. the  merger NGC -1038/9 is 

considered a.s a single  system  with a center  determined from a segmented  image.  and  the 

aperture for NGC 3227 also includes light  from its companion NGC 3226. 

K 

The concentration  index C is the  fraction of totlal  galaxy light that is emitted from 

the  central region compared  to  the  whole. I n  practice, tiitferent a,uthors have measured C 

using a variety of definitions (Doi et a i .  l!j!J3: :\braham t’t al .  1 W I ;  Naim,  Ratrlnturlga, & 



GriHiths 1997). We select a very simple  expression: 

where R,,, denotes  the  radius of the  elliptical  galaxy  aperture  selected  as  described  above. 

The  calculation of total flux in the  inner  and  outer  elliptical  apertures is performed on 

background-subtracted  galaxy  images.  The choice of what  fraction of R,,, constitutes  the 

central region is somewhat  arbitrary; for convenience of comparison, we select the value of 

0.3 that &as  adopted  by  Abraham et al. (1994) and used in most  subsequent  analyses of 

galaxy  concentration  by  these  and  other  workers. Noise in the images  should  not  present 

a serious problem for our  concentration  index  because  it  should  be  evenly  divided  between 

“positive”  (above the  sky)  and  “negative” (below the sky)  and  thus  should  cancel  out 

within  each  aperture.  Concentration  indices for each  galaxy  at  every  available  wavelength 

are given in Table 2. 

The  a.symmetry  index .4 is a measure of the 180” rotational  symmetry of the galaxy. 

The  basic  mathematical definition is as follows: 

where  the  original  image is rota.ted 180” to  get I r o t ( i , j ) .  By  taking  the  absolute  value of 

the difference  between the original and  rotated  images,  one  introduces a systematic  error 

because  the  sky noise always  contributes  positive values. For galaxies  with  regular  shapes, 

in which d l  pixels i n  the  aperture  contain  galasy  light,  this  error is a small  fraction of “I. 

On FUV images,  which  have low signal-to-noise and a.re intrinsicdly  patchy  or  fragmented, 

the noise may  be  significant.  Abraham  et al. ( lW6b) correct for the noise by subtracting 

from .-L the  measured  asymrnetry of a  patch of sky wi th  iderltica,l size to  the  aperture: 

hut we typically do not have enough  sky on our galaxy  frames to apply this  corrective 

t t d l r l i q u e .  Irlstead, we consicler ttle sky noise i n  pixt.ls t,llat+ (lo conta in  galaxy  light, atltl 



we also explicitly  take  into  account  the 

contain  any  galaxy  light. We approach 

- 

fact 

the 

that  many pixels within the  aperture do not 

latter  problem by summing  over  only  those 

pixels  with  values  above a threshold of l . 5 c s k y  above the  background,  rather  than all pixels 

in the  aperture,  when  using  Equation (2) for A .  For optical  images,  most  or all of the pixels 

are used in the  sum,  while in the FUV, the  fraction  may  be as low as 10%. To  correct 

for sky noise in the pixels that  do contain  galaxy  light  (and  thus  are  used in the  sum), 

we measure  the  asymmetry in a patch of sky as large as we can find on the  image,  then 

renormalize  it to the number of pixels actually used in the  sum.  This  correction  factor is 

then  subtracted  from  the  asymmetry  determined for pixels above the  threshold.  Thus  the 

1 

noise-corrected  expression for the  asymmetry is given by: 

s ( i , j : p ( i , j )  > n o ) l I ( i , j )  - I r o t ( i , j ) l  

z(i,j: p ( i . j )  > no) I (  2, j )  
A c w r  - - - k.4 (3) 

where p ( z , j )  is the pixel  value at  position ( i ,  j), nc is the  threshold,  and k A  = Npiz*AAsky,piz. 

Npiz is the  number of pixels in the  aperture  with values a,bove the  threshold,  and Asky,piz 

is the  asymmetry  per  pixel  due  to  sky  noise,  calculated by dividing -4 of Equation (2) for 

a patch of sky by the  area  (in pixels) of the  patch. Values of the  correction  term k A  range 

from 5 0.03 for optical  data  to 0.1-0.2 for FUV images ( A  itself ranges  from 0 to 1). The 

galaxy  asymmetry  values  calculated  with  this  method  %re given in Ta,ble 2. 

We estimate  the  uncertainty in C and -4 by considering  two  factors:  measurement 

error  and errors that  arise  from using apertures  extending  to different limiting  surface 

brightnesses. To quantify  the  error in measurement,’we use five galaxies  common  to our 

sample a.nd the  digital  atlas of Frei et  al. (1996). ( X  sixth  galaxy, M63, was saturated in 

the Frei et  al.  images  and was not used for  the  comparison.) W P  calculate C and :I from 

both  sets of images (ours and theirs) and find CT~: = 0.016 and o..i = 0.011. The limiting 
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surface  brightness 2 24.5 mag  arcsec-2, we measured C and A i n  an aperture  extending 

only to 24 mag  arcsec-2  and  compared  the values to  those measured in the maximum 

aperture size.  In this  case, we find cc = 0.025 and C A  = 0.012. The direction of the changes 

in C and '4 as  aperture  radius increases depends on the  detailed  structure of the galaxy, but 

it is typical to  find a larger  concentration  and a larger  asymmetry in the  larger  aperture. 

Adding  these  (independent)  errors in quadrature yields our final uncertainty  estimates: 0.03 

for C and 0.02 for A. 
C 

We have  also used the Frei sample  to  explore  the effect of using  different mathematical 

definitions of the C and A indices. This  sample was  used  by  Abraham  et al. (1996) 

to  calibrate  the A - C classification system,  and  their C and A indices  for  individual 

galaxies are  tabulated.  We  first  tested  our  ability  to  recover  the  Abraham  et  al. values  by 

using their definitions of C and A to  measure indices  on the Frei sample. The results  are 

encouraging:  a  mean  difference  in C of 0.001 f 0.015(la)  and in A of 0.006 f 0.047, both 

in the sense of (our measurement - Abraham  et  al.). We then used our definitions of C 

and A on the Frei sample  to  quantify  the  systematic difference  between the  two  methods. 

The  measurement of C differs  only in the  aperture definition.  and we find an offset of 

4C(ours  - -4braham) = 0.03 f 0.02. In spite of the very  different methods  used  to  mea,sure 

A,  the offset  is still  small:  4A(ours - Abraham) = 0.04 f 0.03. These offsets are  small 

compared  to  the  uncertainties  that we have estimated  above,  and  small  with  respect  to  the 

errors of - 0.07' quoted by  Abra.ham et al." Our results 

i 

'We note  that  the  scatter in our  calculated offsets is 

suggest that it will be possible to 

somewhat  small  compared  to  the 

uncertainties:  this is likely  because we have used the  same inmges as Abraham  et al. did. 

The quoted uncertainties  include a term  that  takes int,o  account.  differences in limiting  surface 

brightness for different  galaxies, which w i l l  not be i> factor i n  c-ornpa.risorls using t h e  sanle 

irmge of t,he same galaxy. 
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utilize  the  Abraham e t  al. A - C classification scheme using our  values of C and .4., with 

the morphological  bins  adjusted by the  calculated offsets where appropriate. 

4. Artificial Redshifting 

In order  to  study  the influence  on  morphology of cosmological effects associated  with 

large look-back times, we  have  artificially  redshifted  galaxy  images t o  values of z at which 

the rest-irame  FUV  filter  bandpass  would  coincide  with  the  four HST WFPC2 filters  used 

to  image  the  HDF  (Williams  et al.  1996). We simulate  the  HDF  because it comprises 

the deepest  observation of distant  galaxies  to  date,  and  has been the  subject of numerous 

studies of morphology at  high redshift.  The  FUV  rest wavelength (-15OOA) is redshifted 

into  the  broad-band  F300W  filter  at z - 1,  the  F450W  filter  at z - 2, the F606W  filter at 

2 - 3, and  the  FSl4W filter at z - 4. (The precise  value of z depends  on  which  FUV  filter 

was  used for the UIT imaging a.nd may  vary  from  the  approximate  redshift  given  by  up  to 

&0.2;  details of the  two FUV filters are  given in KOO.) Because  there is at  present a paucity 

of U-band images of nearby gala.xies, we also  explore  the effects of moderate  redshifts  that 

move  the  U-band  rest  wavelength  into  the F606PV filter  at 2 - 0.6 and  into  the  F814W 

filter  at z - 1.2. We emphasize  that  there is no need to  estimate  the effects of bandshifting 

in these  simula,tions; we simply  selected a redshift  such  that  the  rest  wavelength is pla.ced 

directly  into  the  desired  filter. For example, a high-redshift  galaxy at z - 3 observed  with 

WFPC2 in the FG06W filter is really being  observed ip its  rest-frame  FUV,  and a moderate 

redshift  galaxy at  z - 0.6 in F606W is really being  observed in its  rest-frame  li-band. 

By compa.ring  the  artificially  redshifted ima.ges to  their  unredshifted  counterparts, we can 

isolate  the effects of surface  brightness  dimming and loss of spatial  resolution on apparent 

rnorpholog\.. ;\lthot1gh this rnethotl restricts  our  investigation  to specific redshifts, we span 

the r;tngcx o f  z - 0.6 - , I  ove r  which recent work has suggested intrinsic  evolutiou i n  the 
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galaxy  morphologies. 

We follow the  procedures  outlined by  Giavalisco et  al. (1996a) to artificially  redshift 

the galaxy  images,  using  their  Equations ( a ) ,  ( 5 ) ,  and (7) to  determine  the  resampling 

factor  and  surface  brightness  scaling. A cosmology with R = 1 and qo = 0.5 is assumed 

throughout,  and we take Hu = 75 km s-* h1pc-l (e.9. Ferrarese et al. 1999).  Because 

this value of Ho was also used to  estimate  the  distances  to  sample galaxies, both  the 

rebinning  and  brightness  scaling  factors will be  independent of Ho. The dependence  on qo 

is much  more  complex,  but Giavalisco et al.  test  values of both 0.05 and 0.5 and find that 

galaxies are  more  easily  detected  with  the  higher qo.  Filter  and  detector  characteristics 

that  are  input  to  these  formulae  are  taken  from  Stecher  et  al. (1997)  for the UIT and 

Williams  et  al.  (1996), The WFPC-2 Instrument  Handbook (Biretta  1996),  and The HST 

Data  Handbook (Voit  1997)  for the  HDF.  Galaxy  distances a.re from  Tully  (1958)  and  are 

given  in Table 1 of KOO. Instead of convolving the  resulting images  with the HST point 

spread  function (PSF) as Giavalisco et al. have  done, we choose the  more  simple  method 

of smoothing  with a circular  Gaussian to  match  the PSF width of -3 pixels  reported  by 

Williams  et al. This  technique a.voids the difficulty of simulating in detail  the complex PSF 

that results  from HST optics  and the “drizzle”  procedure used to  combine HDF ima,ges. 

Our  redshifted  images  were  then  scaled to  the  appropriate HDF exposure  time for each 

filter,  and  a sky background  and  sky noise  were added  based on the HDF values  reported 

in Williams  et al. 1L-e accounted for foreground  Galactic  extinction  (very  small in most 

cases)  by  correcting the  input  image  to  zero  estinction before  redshifting, then  adding  the 

appropriate  extinction for each  filter after  the  artificial  redshifting was completed. The 

B-band  foreground extinctions for  ea.ch galasy  are from  Burstein & Heiles (lYS-l), and 

the  Galactic  extinction law of Cardelli,  Clayton. & klathis ( L W )  was usetl to  calculate 

% 

estinctions at, other  tvavelr~~gths. 
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As galaxies are artificially  redshifted to high z ,  their  appearance  can  change 

dramatically  simply  due  to  the  fading of  low surface  brightness  features  and  simultaneous 

loss of spatial  resolution. In some  systems,  only  the  bright  regions  may  survive  the effects 

of dimming.  Observed  at  simulated z - 4 in the F814W filter of the HDF, the Im galaxy 

NGC 4214 appears in Figure 1 as a compact,  regular  object. For other  galaxies,  such 

as  the Scd MlOl (also  shown in Figure l), only  bright  star-forming  regions in the  spiral 

arms  are  visible at high  redshift;  the  nucleus is quickly lost  below the  detection  threshold. 

The  spatial  distribution of these  features  gives  the  artificially  redshifted  images  a  patchy, 

fragmented  appearance  suggestive of a later  type  galaxy, or even multiple  systems  (see also 

Giavalisco et al.  1996a).  Most of the E/SO systems in our  sample  are  either  undetectable at 

high  redshift  or  have  shrunk  to  the  appearance of point sources. This  strongly  suggests that 

source  counts  at  high  redshift will be  affected  by a lack of early-type ga,laxies  unless these 

systems  have  evolved  significantly. At lower redshifts ( z  5 1). cosmological  effects are  mild 

and  the  simulated  galaxies  simply look like fainter,  more  smoothed  versions of their local 

counterparts.  Figure 2 shows the  results for the  Sbc  galaxy 11-51, whose  rest-frame U-band 

data ha.s been  redshifted  into the WFPC2 F606W  and FS11M- filters.  The  simulated  F606W 

image  looks a great  deal like the original  U-band  image, but by z - 1.2 in the F814W 

filter,  the  galaxy is beginning  to look less regular  as  the  faint  inter-arm  light falls .below 

the  detection  threshold. I t  is  c1ea.r from  these  images  that  surface  brightness effects play a 

significant  role in determining  the  apparent  galaxy morphology, and  thus  that cosmologica,l 

dimming  canllot  be  neglected in an  analysis of high-qedshift objects. 

In the  nest  section we will a,ttempt  to  quantify  the effects of redshift on  morphology 

using the  concentration  and  asymmetry indices. We consider only those  galaxies  that  are 

detected  and  resolved on the  simulated high-redshift  images.  First. C and A 4  were mea.suretf 

on the a.rtificially redshifted  images  using  the procetlures described i n  Sectiorl 3 and a 

fixed "pllysical" aperture size ( i . r .  size i n  kpc 0 1 1  the  galaxy). For t,llese rneasllrenwtlts we 



select  an  aperture  size on the  artificially  redshifted  image,  then  scale it by the  appropriate 

bin factor  to  determine  its  size on the unredshifted  image.  This  procedure  isolates  the 

effects of surface  brightness  dimming  and  reduced  spatial  resolution by comparing  the 

same physical region of the  galaxy  at different simulated  redshifts. We then  recalculated C 

and A using  a method  that  mimics  the  procedure  an  observer  might follow: adjusting  the 

aperture size for each  image by visual  inspection to enclose  only the  detectable  light. In 

this  case,  the  physical  aperture size  varies  based on the  limiting  surface  brightness of each 

simulatedimage.  The  apertures  selected for high redshifts  are  often  smaller  than  the size 

expected  from  scaling  a  galaxy's  rest-fmme  aperture  by  the  bin  factor for that  redshift. 

This  comparison is less direct  than  the  one in which aperture size  is fixed,  but it is more 

indicative of analysis  techniques for deep  surveys.  Table 3 gives the C and A values  for 

the artificially  redshifted FUV and U-band images in  which  apertures  were  adjusted  based 

on  limiting  surface  brightness. Differences between  these  results  and  the  values for a fixed 

aperture size are  discussed in Section 5.3.  

5. Quantitative Morphology Results 

In this  section we  discuss the  results of our  quantita.tive  morphology  investigation. 

We first  consider the effects of bandshifting  alone  by  comparing  the FUV and  optical 

morphologies of the  sample galaxies  within a fixed aperture  (Section 5.1). The effects of 

surface brightrless dimming  and loss of resolution at  pigh redshift, which we shall refer to 

collectively as the "cosmological  effects",  are  then  discussed in terms of a fixed physical 

aperture size for each  galaxy, L e .  one  that  samples  the  same  physical region on rest-frame 

and  simulated-reds~lift  images  (Section 5.2). C\t- then  compare  the fixed aperture  results 

wi th  thost. obtaine(l by  atl.jrlstirlg t h e  aperture b;lse(l or1 each image's limiting sllrface 

brightrltw. as a 1 1  observer  w o u l d  clo cv i t l l  real cli1t;t (Sec:t,iorl 5 . :3 ) .  Finally, w e  corllbi~~t.  the 
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bandshifting  and  cosmological effects to discuss the  total  "morphological Ic-correction" 

between the  optical  appearance of nearby  galaxies  and  images of high-redshift  systems 

(Section 5.4). In several of the  plots of concentration  and  asymmetry  indices  that  are 

presented in this  section,  galaxies  are  divided  into  four  bins by Hubble  type.  Symbols for 

the different bins  are  explained in the figure  captions.  Note  that  not all galaxies  have  optical 

data in every  filter;  that  is, a plot  comparing  the  B-band  and FUV morphologies will not 

necessarily  include all of the  same  galaxies  as  one  comparing  R-band  and FUV images. 
7. 

5.1. Bandshifting 

FUV values of the  central  concentration  index ( C )  are  predominantly lower than 

those  measured on optical  images of the  same  galaxy.  The  left-hand  panel of Figure 3 

illustrates  the  behavior of C as a function of wavelength for ten  representative  galaxies 

in our  sample;  galaxy  names  are  labeled  to  facilitate  the  discussion below. The change 

AC = COPT - CFUV is shown as a  function of CFUV for all galaxies in Figure 4. Galaxies 

with  large  increases in C from FUV to  optical  wavelengths, ( L e .  large  positive  values of 

AC), such  as  NGC  1097 a,nd NGC  1566,  tend  to  be  early  to  intermediate-type  spirals 

whose  prominent  optical  bulges  are  faint  to  invisible in the FUV (see  also KOO). This effect 

is enhanced in barred  galaxies  due  to  the  dominance of red  stars in the  bar,  as shown for the 

SBa gala,xy NGC 1512 in Figure 5. The change in C is less dramatic for late-type  spirals 

such as NGC 1313, M51, a,nd M63. Galaxies  with onGoirlg, widespread  star  formation  often 

have  similar COPT and CFUV because  the  light in both  spectral  regimes is dominated by the 

young  stars.  These  systems  include  the  starburst  NCC 3310 (Smith  et  al. 1996, also  shown 

i n  Figure  5), and the  irregulars NCC 4214' and NGC 4 4 9 ,  as well as the  starburst + A G N  



NGC 106s (Nef   e t  al. 1994).  These  galaxies  have a higher CFIJV than  others in our 

sample  (see  Figure 3 for NGC 3310 and  NGC  4214),  suggesting  that  the.  concentration 

index  may  be useful a.s an  indicator of starburst  activity in the  analysis of rest-frame FUV 

galaxy  images.  Conversely, the merger  system NGC 4038/9 shares the  starburst  trait of 

similar CFUV and COPT, but  has  uniformly low values of C corresponding to  its peculiar 

morphology (Figure 3 ) .  The  starburst  galaxy NGC 5253 is a conspicuous  counter-example 

to  the  trend  toward lower C in the FUV. Its UV-bright,  centrally  concentrated  starburst 

produces 8. very  high CFUV, while  older stars  surrounding  the  burst  contribute significantly 

to  the optical  light and  thus  reduce the value of COPT. Overall, the change  in C due  to 

bandshifting  ranges  from  near  zero to  a maximum of - 0.4, or up  to 40% as C theoretically 

ranges  from 0 to  1. 

The asymmetry  values AFUV are  consistently  higher  tha.n &PT, with a marked  trend 

towards  larger A 4  = A o p ~  - AFUV in  galaxies that  are very asymmetric  in  the FUV 

(see  the right-hand  panels of Figures 3 and 4). UV-bright circumnuc1ea.r star  formation  in 

a “broken  ring” shape  dominates  the FUV light of several  galaxies,  including  NGC 1097 

(Figure 3) ,  NGC 1512 (Figure 5 ) ,  and NGC 3331. This produces  large . ~ F U V  values  even 

though  the  galaxies  appear  symmetric  in  optical  light. In others,  such as NGC 925 and 

NGC 2403, the  underlying diffuse  disk  light is invisible in the FUV, and  patchy light from 

young  stars  dominates AFUV.  The merger  system NGC 4038/9 stands  out in Figure 3 due 

to  its  extremely high A at  all wavelengths  compared to  the  other  sample galaxies. As was 

the case for the  concentration  index,  the  asymmetry Sndices of the global starburst NGC 

3310 (see Figure 3 )  and  the  starburst + AGN NGC 1068 are not  very  dependent upon 

wavelength. 1Vith the exception of NGC 4038/9  (which is plotted  to  the fa,r right as an 

asterisk  but is excluded from the  fitting  procedure  described  below),  the  right-hand pa.nels 
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of Figure 4 show a tight  correlation  between  AA  and A F U V .  The  diagonal lines in Figure  4 

show linear  least-square fits to  the  data; solid lines are  the fits to   data  Tor each  filter 

individually,  and  the  dotted line is the fit to all data  together.  The  two lines in each  panel 

are  nearly  identical, so A o p ~  can  be  predicted  from l4FUV using the  dotted-line  relation: 

where  the  standard  deviation of the residuals is f0.07.  The  maximum value  for A,4 can  be 

quite  large,  reaching - 0.7  (70%)in  some cases. We stress  that  this  relation,  while  useful 

over the  range of Hubble  types in our  sample of local galaxies,  needs  further  testing of its 

validity,  especially for the  mergers  and  protogalaxies  encountered  at  high  redshift. 

We find one  particular  galaxy, NGC 4736, that  highlights  the  limitations of using C 

and A indices for morphological  comparisons.  FUV  a,nd V-band images of this  galaxy  are 

shown in the  bottom  panels of Figure 5. As can  be  seen in Figure 3, the values of C and 

A for NGC 4736 change  very  little  with  wavelength in spite of dramatic  morphological 

differences between the FUV and  optical  images. A bright  star-forming  ring  produces  high 

concentration in the  FUV, while  a  large  bulge  increases the  optical  value of C.  Symmetry 

in the ring  that  dominates  the FUV images  yields a low value of AFUV, while an  equally 

regular  disk  and  bulge  shape  are  responsible for a low AOPT. The  prevalence of star-forming 

inner  and  circumnuclear rings in the FUV (KO0 and references  therein)  suggests that  cases 

such as NGC 4736 may  not  be  uncommon,  and  thus  that  the use of C and .4 to  compare 

rest-frame U\.' and  optical ima.ges may  not  adequatkly  describe  the  detailed effects of 

bandshifting. 



the log A u s .  log C diagram.  The  dashed lines i n  Figure 6 are  the  Abraham  et ai. (1996b) 

divisions  into  morphological  bins,  (shifted by the offsets  between our values and  theirs  that 

were  calculated in Section 3).  Errors in log C‘ and log A depend  on  the  values of these 

indices  (we  simply  propagate  the  uncertainties in C and A )  and  are  shown  on  representative 

locations of the  two  diagrams. For the  most  part,  the  optical  data for our  sample galaxies 

lie close to  their  expected locations  on this  diagram.  Three  notable  exceptions  are  the 

irregular  starburst  .galaxies  lying  near the border  between E/SO and  spiral classes: NGC 

4214, N G t  4449, and NGC 5253. Thus it seems that the  Irr/Pec/Merger  bin of Abraham 

et al. describes  peculiar/merging  galaxies in our  sample ( i e .  NGC 4035/9 and NGC 

3226/7), but  not  the  irregulars  with  centrally  concentrated  starbursts.  In  the ca.se of the 

FUV data, it is clear  from  the lower panel of Figure 6 that a majority of galaxies  have 

landed in the  extreme  Irr/Pec/Merger region and  some  have  undergone  counter-intuitive 

shifts  in  location  compared to  their  optical classifications. The  peculiar  galaxy NGC 5253 

shifts  to  the  ea,rliest  type bin in the FUV because of its  centrally  concentrated  and  highly 

symmetric  starburst.  The  irregular galaxies S G C  4214 and NGC 4449 remain  on  the 

boundary  between E/SO and  spiral  in  both  optical  and FUV. contrary  to  the  behavior of 

the  latest  type  spirals  that have  migrated  from the Spiral  to  the  Irr/Pec/h/Ierger bin in 

the FUV. Several  early-type  spirals  are  located in the  upper left corner,  with  very low C 

and high “I, where the  asymmetry in  each  case is due  to a feature  that is enhanced in the 

FUV but is considered a small or secondary  part of the  optical  morphology. The  three 

most  extreme  examples  are NGC 1097 and NGC 1512,  whose asymmetric circum11uclear 

star formation  regions  dominate  the FUV light,  and NGC‘ 2S41, whose  high  inclination and 

dusty disk  produce a. “lopsided”  appearance  that is likely due  to  extinction. Our  sample is 

not  large  enollgh to  provide  more  than  individual  examples of the prohlems associat,e(l  with 

classifying Ut- galaxies rising C and .-I. However, the FI-Y data i n  Figure 6 (lo not ;tp[)e>lr 

to suggest any rlatllral w ; I . ~  t ,o  divide  the log .-I U . S .  log (’ ctiqprn  tllat ~ ~ r l ~ ~ ~ r ~ t ) i ~ t ~ ( ~ ~ ~ s l ~  [naps 

s 
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back to  the  canonical  (optical)  Hubble  type. 

5.2. Cosmological Distance Effects 

Our  redshift  simulations  suggest  that  the  concentration  index is fairly  robust t o  

distance-related effects out  to z - 3, but it  appears  to  have  a  slight  tendency  toward 

decreased C on  high  redshift  images in the z - 4 simulation.  The  left-hand  panels of 
?. 

Figure 7 show  histograms of A c  = (Crest - Credshifted), giving the  difference  between our 

original  “rest-frame”  images  (in  either the U or FUV band)  and  their  artificially  redshifted 

counterparts. We have  selected  a  bin  width of 0.10 for AC and A 4 ,  commensurate  with 

the  uncertainties  estimated in Section 3. As noted  at  the  beginning of this  section, C is 

calculated in a  fixed  physical aperture  that  samples  the  same regions of the  unredshifted 

and  simulated  high-z  images.  The  median va.lue of AC is 5 0.01 for z 5 3 ,  but rises to  

- 0.06 for the z - 4 simulation.  The  potentially significant  role of surface  brightness 

effects is demonstrated in the  galaxies MlOl and NGC 4258, which are  the  outliers  with 

AC - 0.2 - 0.3 in the  redshift  simulations of rest-frame FUV data  (note  that  these  galaxies 

are  not  detected in the z - 4 simulation).  Star-forming  regions in the  outer  parts of the 

spiral  arms  are  brighter  than  the  inner  galaxy.  While  light  from  the  central  regions is still 

visible in the  unredshifted  image  and  thus  contributes  to  the  inner  aperture of Crest, it has 

virtually  dkppeared in the  artificially  redshifted  images  and  thus is not  evident in the 

measurement of Credshifted (see  Figure 1 for M101). SQecial  instances  such  as NGC 4258 a.nd 

MlOl can  exhibit  changes in C of up  to 30% due  to cosmological  effects, but  overall,  most 

galaxies in our  restricted  sample  have AC 5 5% for 3 5 3 .  

8 

Cosmological  distance  effects  appear  to  introduce  added  scatter i n  the  measurements of 

:\ with no clear systematic  drift t,o either  larger or  smaller valrles at high redshift. As shown 

i n  the  right-hand  panels of Figure 7 ,  the scat,t,t.r is larger for the intrinsic-ally asymmetric 



FIJV images  than for the Ci-band images,  even when artificially  redshifted to  similar z .  

The  scatter in A due  to  distance effects ranges  from 4% ( = l n  about  the  mean)  at  moderate 

redshifts of z N 0.6 to  12% at  a redshift of z N 4. A galaxy will exhibit Arest > Aredshifted 

( i . e .  AA > 0) if faint  irregular  features  have  faded  away  with  distance  and/or if the  decrease 

in spatial  resolution  has  blurred  asymmetric  features in the rest-frame  image.  Conversely, 

galaxies  may  appear  to  have  a  higher  asymmetry  at  high  redshift (AA < 0) if the  brightest 

features  are  asymmetrically  distributed  star-forming  regions or spiral  arms  that  do not  get 

blurred  tbgether  with  distance.  Thus  changes in the  value of A at cosmological  distances 

depend  on  the  rest-frame  morphology of each  galaxy  at a level of detail  more  complex  than 

is usually  considered in the  simple  Hubble  type.  This  suggests  that  the  sensitivity of A to 

distance effects will severely  limit  its  usefulness in comparisons of the  morphology of local 

and  distant  galaxy  populations. 

5.3. Aperture Effects 

The difference  between the values of C and ‘4 measured  with fixed apertures  and  those 

obtained  by  adjusting  the  aperture  size  based on limiting  surface  brightness  are  typically 

quite  small ( < 5 % ) ,  as shown in the  histograms of n(c, ‘4) = (c, A)fixed - (c, A)adjusted 

in Figure 8. The  bin  size is smaller  than  that used in Section 5.2 because we expect  the 

uncertainties  to  be less: we are  comparing  mea.surements  made on the same image with 

different limiting  radii.  The  concentration  indes is mpre  sensitive  than  the  asymmetry  to 

small  changes in aperture  radius, which is not unexpected  because A is calculated from 

sigma-clipped  images i n  which the faint outer regions of the  galaxy  are  not  sampled i n  either 

nlc:a,surement. The left-hand  panels of Figure 8 show some tendency for Cfixcn < CJactjllsterl, 

taspecially i r l  low-redshift  sirnulatiorls. Fixetl apertures were st4ccted on the  fainter high-z 

simulations m t l  thus a rc  s r r ~ a l l r ~  t l l a r l  a.djrlstctd ones for these  irmgcs. This means  that 
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less of the  bright  galaxy  “core” falls within  the  inner  aperture of the Cy measurement  (see 

Equation 1 i n  Section 3).  An extreme  example of this effect produces AC - -0.3 for the 

FUV image of NGC 4736: the  bright  starburst  ring falls outside 0.3R,,,,fixed but inside 

0.3R,,,,adj,,ste~. Bright  star-forming  regions  near 0.3Rm,, in the FUV images of NGC 4258 

(AC - -0.2) and MlOl (AC - -0.1) produce  similar effects, which are  enhanced for these 

galaxies by the  large  change in R,,, between the fixed  and  adjusted  aperture  calculations. 

Such effects are less noticeable in the artificially  redshifted  data  because  discrete  bright 

features  are  blurred  by  the  decrease in spatial  resolution. Values of AA cluster  around  zero, 

with  only  a  handful of galaxies  exhibiting < Aadjusted due to exclusion of asymmetric 

outer regions like spiral  arms  from  the  smaller fixed aperture. We note  that  there  are  no 

aperture effects in the  z - 4 simulations  because  they  have  the  highest  limiting  surface 

brightness:  the  fixed  apertures  were  selected  on  these  images  and  thus  are  identical  to  the 

adjusted  apertures.  Thus  our  asymmetry  index 4 is quite  robust  to  aperture effects for the 

changes in R,,, that  occur  as  galaxies  fade  with  redshift,  but  the  concentration  index C 

* 

may  cha,nge  either  slightly  or  radically for individual  galaxies  depending  on  the  details of 

their light distributions. 

5.4. Morphological k-corrections 

We can  combine  the  results of the  previous  investigations  that  isolated  bandshifting, 

cosmological.  and  aperture effects to  investigate  the pverall difference in  observed  optical 

morphology  between a sample of nearby gahsies  and  one of high-redshift  objects. We 

empha.size  that we have  not  simulated  the  possibility of enhanced  star-formation i n  galaxies 

at   hrge look-back times,  although  our  sample does contain some local starbursting  systems. 

\.Ve sinlpl!- describe  the differcwce between a population of galaxies observed loc-ally a11d 

t h a t  sumt, llnevolved,  populatiotl  observed a t  high redshift,, both i n  the  optical part, of 



the  spectrum. For this com 
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parison we have  considered o Inly galaxies that have C and A 

measured in the  optical  and  either  the U-band or FUV artificial  redshifting  simulations. 

This comprises a total of 20 galaxies, five of which  have  no U-band data  and  two of 

which  have  no artificially  redshifted FUV data  (due  to lack of detection  after  the  surface 

brightness  dimming).  Qualitative  examples of the overall  morphological Ic-correction are 

given in Figure 9, which shows  galaxies as they would be observed  locally in the V-band 

and  as  they would appear  at  moderate  and high  redshifts  in  the HDF filters. 
s 

As shown in Sections 5.1-5.3, bandshifting effects dominate  the “morphological 

k-corrections” for our  quantitative indices,  changing C by  up  to 40% and 4 by up  to 70% 

compared to  typical  changes 5 10%  for distance  and  aperture effects. Although AA due 

to  bandshifting is correlated  with AFUV, scatter  introduced by distance effects hinders the 

ability  to  predict  the value A that would be measured for a particular  galaxy viewed at high 

redshift. The Ic-correction for C and A is presented  via the log 4 us.  log C classification 

diagra.m in Figure 10. Optical  measurements for each  galaxy  are shown in the  top left panel, 

followed by rest-frame U-band data redshifted to  z - 0.6 and z - 1.2, then rest-frame 

FUV data  redshifted  to z - 2 - 4. Again,  not all galaxies  are shown  on every  panel  due 

to  differences in the  availability of data.  The  data in Figure 10 show a clear  trend: at 

each succeeding  redshift, the bulk of the points  move  toward lower C and higher A. By 

z - 2, most of our sample  galaxies lie in the Irregular/Peculiar/XIerger region.  Galaxies 

that  do not follow this  trend  are  those  (already  noted in Section 5.1) that  have  similar 

optical  and  FI’V  morphology  due  to  their  prominent  ‘starbursts: NGC 3310, and  to a lesser 

degree N G C  42113 a.nd NGC 4449. NGC 1068 retains a very high central  concentra,tion  even 

at  high redshift (rest-frame FUV) due  to  the  starburst + AGN core. The “trajectories” 

of position  changes with redshift in the log .4 t?s. log C diagram are  shown for several 

g ~ l i ~ x i e s  i t 1  Figure 11, emphasizing  the differcnce  between spirals I v i t h  drama.tic charlges i l l  

rnorpl1olog~- ( ’ . y .  YGC: 10!)7) a r l t l  starburst  systems ( c . 9 .  NGC U l 9 )  cvtlosc. a,ppe;~,ra,nce 
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would be similar locally and  at high redshift.  Given  this  non-monotonic  migration of data 

points  with  redshift,  it is no longer  possible to  divide  this  diagram  into  bins by Hubble 

type.  Many of the  early-type  (Sa-Sb)  spirals  have  joined  the  “mergers” in the  upper 

left-hand  corner,  while  later-type  spirals  and  Im  galaxies  are  spread over the  “early  type” 

regions of higher C and lower A. These  results  suggest  that new methods will be  required 

to  classify high-redshift  galaxies: UV values of C and A are  inadequate  to infer the  optical 

morphology  because the  spatial  distribution of young  massive  stars that dominate  the UV 

emission  may  or  may  not  be  correlated with that  of older  stars that dominate  the  optical 

light  and  its  morphological  appearance. 

6. Summary and Discussion 

We have  used  numerical  parameters  that  individually  describe  the  central  concentration 

and  the  asymmetry of galaxies to  intercompa,re  their  apparent  morphology in the UV and 

optical  and to quantify  the effects of redshift  on the  appeamnce of distant  stellar  systems. 

Bandshifting  and  distance effects, including  changes in the  apparent  galaxy  aperture as 

the  limiting  surface  brightness of the image varies, are  each  considered  separately,  then 

combined in an  overall  discussion of the “morphological  k-correction” in the C and A 

indices. L7nlike previous  models of the behavior of C and A with  redshift (e.g. Abraham  et 

al. 1996b, Brinchmann  et  al. ISSS), we do not need to  extrapolate  the UV galaxy  image 

from  optical  data  because we use direct FUV images Fom  the  UIT.  The  inherent  patchiness 

of galaxies in the UV and  the low signal-to-noise of our data  required  that we modify the 

traditional  methods of determining C and .4, which  were developed for high signal-to-noise 

optical  data.  (;\bratlam et ai. 1996b). However, we note  tha.t a )  results  from  the  two 

methods arc only  slightly  offset, wi th  small scatter,  and 6) the  comparison of C‘ a,nd A at 

different  wavelengths  and sinlt1l;lked redshifts is internally  consistent as it was done  using 



the  same  method for all measurements. 

We find that  bandshifting effects dominate  the morphological  k-correction, while 

distance effects introduce  small,  mostly  random  changes in the  concentration or asymmetry 

indices.  While the FUV values of C and 4 generally  show  an  extension of the optical  trends 

(noted by Brinchmann  et al. 1998) toward lower concentration  and  higher  asymmetry 

at short.wavelengths,  they  can  be  much larger in magnitude:  up  to 40% for C and 70% 

for A .  Some  counter-intuitive  results  are  produced  by the  strong  dependence of FUV 

morphology  on current star-formation:  circumnuclear  rings  in  some  early-type  spirals, 

combined  with the  fading of the red bulge  at  UV  wavelengths,  produces  the  high A and low 

C which are  usually  associated  with  irregular/peculiar  objects in spite of these galaxies’ 

regular  appearance  in  the  optical.  Centrally  concentrated  starbursts in some  late-type  and 

irregular  galaxies  can  give  them a more  regular  morphology in the FUV, with  the high C 

and low A typical of E/SO galaxies. 

Our simuhtions of distance effects alone show that  they  tend  to  produce  small changes 

(up  to 7%) in C and  slightly la.rger offsets (up  to 12%) in A .  These  values  are  measured 

within a fixed physical  aperture  (in  kpc)  that  samples  the  same region of the galaxy at 

each  redshift.  When  the  aperture  size is varied to  match  the  limiting  surface  brightness 

of individual  images,  additional  scatter of - 3% is found  in  our  measurements of C and 

A .  However, there  are individua.1 galaxies for which  distance a.nd aperture effects are 

particula.rly  noticeable  due  to  the  location of estremely  bright  star-forming fea.tures well 

away  from the  galaxy  center.  These  examples  provide a. cautionary  note  on  the possibility 

of large  escursions in the derived type due to distance effects. 

t 

In this  paper, as well as in I i O O ,  we find that it is extremely difficult to  unambiguously 

rnap a galaxy’s FUV morphology to  its  optical  Hubble  t.J-pe, o r  to the C’ and ,-I indices i n  

t l ~ e  optical  tllat appear to be correlatexl with Hubhle type. Ttlr im;l.gt.s i n  K O 0  sttggcst  that .  
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most  galaxies  exhibit a later  Hubble  type in the FUV, but  the  magnitude of this  shift,  even 

in qualitative  terms, is clearly  much  larger for some  galaxies  than for others.  The  same 

phenomenon is seen in the A - C classification system, for which a variety of morphological 

k-corrections are  shown in Figure 11. We show in Figure 10 that  the overall  changes  in C 

and A with  redshift  make  it  nearly  impossible  to  use  the classification system of Abraham 

et al. (1996) for rest-frame FUV data,  or  beyond z - 2 in our  simulations.  Moreover, 

it is difficult to  see how the  three  morphological  bins  based on optical  Hubble  type  could 

be  redrawn  to  accomodate  the  rest-frame FUV data.  The  location of UV galaxies  on 
I 

the log C-log A diagram  depends  on  details in the  spatial  pattern of star-formation (e.9. 

circumnuclear  rings),  which  are  not  necessarily  included in the  simple  Hubble  type. 

One of the  nagging  questions in the  interpretation of peculiar  morphologies in the HDF 

and  other  deep  surveys is whether or not they  are  typical  spiral or irregular  galaxies viewed 

at  high redshift (e.9. Bunker  1999).  The  best  available  comparison  data for our simulated 

sample of galaxies at cosmological  distances  are  the '4°C classifications of HDF galaxies 

presented  by  Abraham  et al. (1996a).  Figure 12 shows the loci on  the log '4 11s. log C 

diagram for our  redshifted  simulations  (points),  the HDF morphologies  from  Abraham  et 

al.  (shaded  polygon)  and  the local optical  galaxy  sample of Frei et al.  (1996)  artifically 

redshifted to z = 0.5 - 2.0 by Abraham  et al.  (open  polygon). The  shaded  and  open 

polygons  have  been  shifted  from  their loci in Abraham  et al. by the offsets calculated in 

Section 3 .  Nearly all of our  simulated  data  points for z 5 1.2 lie within  the  open  polygon, 

which is the locus of non-evolving galaxies.  The lack'of points in the  right-hand half of the 

polygon is due  to  the  paucity of ellipticals in our  sample. It is likely that  our : - 2 data lie 

outside  the  open  polygon  because  the  rest-frame FUV of our  simulations is not analogous 

to  the rest wavelength of the  Abraham  et al. 2 = 2 simulation.  Our  artificial 2 - 2 data are 
/ 
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at 2500A due  to  the  failure of the mid-UV  camera  during  the UIT ,4stro - 2 mission.) If 

we assume  that  galaxy  morphology  at 2500A is intermediate  between  that  at  U-band  and 

FUV (see also the mid-UV images in Marcum  et  al. 1997, 2000), we can  expect  that  their 

A-C locus  would be in the  upper left part of the HDF region,  between our z - 1.2 and 

z - 3 simulations.  Abraham  et al. interpret  the HDF galaxies that lie outside  the  locus of 

artificially  redshifted Frei data  as  either very  late  Hubble  types,  spirals  that  have  evolved 

since  this look-back time, or  mergers/peculiar  galaxies. However, the presence of several 

of our  simulated z - 3 points  within  that  part of the  shaded HDF locus may  suggest  that 

these HDF galaxies  have z 2 3 and  are  being  sampled in their  rest-frame UV even  on the 

FS14W  images.  Our  sample  size is insufficient to  speculate on what  fraction of high-redshift 

peculiar  galaxies  might be similar  to local spirals,  but  our FUV C and A measurements 

demonstrate  that it is certainly  possible to  reproduce  examples of the  apparent  peculiar 

HDF objects  without  necessarily  invoking  dramatic  evolution. 

I 

Our  artificially  redshifted  FUV  galaxy  images  also  provide  qualitative  support for the 

idea that  bandshifting  and  distance effects alone  are  capable of producing the morphologies 

observed in high-redshift  galaxies. The  top left panel of Figure 13 shows the  Sab  galaxy 

NCG 106s as it  would be  observed  at 3 - 4. Its  FUV-bright  starburst + AGN center gives 

the  appearance of a compact  core  surrounded by diffuse light.  This  morphology is strikingly 

similar  to  that  observed by Giavalisco.  Steidel, & Duccio  Macchetto (199613) in many 

Lyman-break  galaxies,  and  the  approximate  radius of the NGC 106s  core at  this  redshift 

(- 0.4 arcsec) is comparable  to  their core  radii. The  highly inclined  Sd  galaxy NGC 4631, 

when  observed at z - 3 ,  (see  Figure 13), bears  a  strong  resenlblmce  to  the  “chain  galaxies” 

presented i n  Figure 20 of Cowie, H u ,  & Songa.ila. (19!35). LVe estimate an FUV axial  ratio of - 5 for this  galaxy  based on ellipse  fitting to  the  rest-frame  inmge, which is near  the  middle 

of the  range  quoted by Cowie et  al. At  irlcrc:asil\g rc-:clshift. surface  brightness effects c.ause 

t11e galaxy to  appear  evm thirlrler arld p r o d u c ~  tht: appt:arat1c.r of discrete  star-forming 
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regions “chained”  together. The FUV images of NGC 4631 support  the  interpretations of 

Dalcanton & Schectman  (1996), van den  Bergh  et al. (1996),  and  Smith  et al. (1997) that 

the  “chain  galaxies”  are in fact edge-on disks.  Other  peculiar  galaxy  types  noted in the 

HDF by  van den  Bergh  et al. are  the  “tadpole”  (head-tail)  galaxies  and  several  examples of 

multiple  mergers  (see  also  Pascarelle  et  al. 1996 for a discussion of the  mergers of compact 

objects).  At z - 3, the  Sd  galaxy NGC 1313 (also  shown in Figure  13)  could  easily  be 

mistaken for the  type of merger of compact  objects  depicted in Figure 4 of van den  Bergh  et 

al.  Brighi  inner  star-forming regions in NGC 4258 (lower  right  panel of Figure 13) give the 

galaxy a “tadpole”  appearance  at z - 2, similar  to  the  object in Figure 2 of van  den  Bergh 

et  al. NGC 42.58 could  also  be  interpreted  as a multiple  merger  on  the  basis of several 

components visible  in the  image. Along with  the  irregular/peculiar A - C classifications 

of our  artificially  redshifted  galaxy  images, the  individual  examples  presented  here  suggest 

that  one  must  approach  with  extreme  caution  the  interpretation of morphology in deep 

surveys. 

The issue of what  fraction of high-redshift  galaxies  have structure  similar  to local 

spirals  rather  than  intrinsically  irregular  morphologies  bears  strongly on inferences of 

evolution in the  galaxy  population. If the  absence of “ordered”  spirals  at z > 2 noted  by 

Driver  et al. (1998) is in part  due  to  bandshifting effects, their  suggestion  that  the  disk 

formation  epoch  occurs  at z - 2  may  need to  be  modified.  Similarly,  some of the  compact 

objects  at z > 3 may  be  the UV-bright  cores of existing  disk  galaxies  rather  than  the 

early  progenitors of spheroidal  components as hypothesized by Giavalisco  et  al.  (1996b). 

The  appa.rent  peculiarity of high-redshift galaxies  has  also  prompted  estimates of high 

merger ra.tes at z > 1.5 (Driver  et al.) and  an  increased  merger  fraction  with  redshift  (van 

den  Bergh et al. 1996). However, merger  rates  at high redshift are particularly difficult 

to  estimate due to  the fra.gmentect appearance i n  the  rest-frame l iV of e l m  urltlisturbed 

galaxies. As noted by Hunker et al .  ( 1 9 9 9 )  and t l ibbml & L7acx-a (1997). it is likely that 
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imaging at longer  rest  wavelengths will be  necessary  to  determine if there is a  regular, 

underlying  structure of older  stars in any of the high-redshift  galaxies.  Alternatively, it 

would be of interest  to  obtain  a  large  sample of local UV galaxy  images  such as that 

proposed by the  Galaxy  Evolution  Explorer (GALEX, Martin  et al. 1999). By comparing 

the local and  distant UV morphologies  on  a  statistical basis, one  could infer evolution 

in the UV properties  and  thus  study  the  history of physical  processes that  produce UV 

emission  without  reference to  the  optical  light.  Although  the full picture of evolution would 

necessariry  be  incomplete  without  data for the old  stars,  an UV database for local galaxies 

would provide a direct  comparison for distant  systems. 

Our lack of success in  classifying FUV galaxies in terms of Hubble  types  (in  this  paper 

and KOO) drives  us t o  consider  alternate  methods of characterizing  their  morphology. We 

therefore  propose  some specific elements of a classification system  that would enhance 

our  descriptive  power  for  FUV  images  and for irregular/peculiar  galaxies in general. A 

new method of defining  galaxy  apertures  that  does  not  assume a generally  symmetric 

distribution  around a central  brightness  enhancement, would greatly  extend  the  capabilities 

to  describe  peculiar  systems  and  mergers. In KOO, we trea,t  the  merger  system NGC 4038/9 

(the  Antennae)  as  one  galaxy  and define the  aperture  to be a circle  enclosing all pixels 

above 1.5gSky that  have at least  four  adjacent  neighbors also above the  threshold. A similar 

procedure  could  be  used  to  define  elliptical  apertures for any  galaxy. It is also desirable 

to find parameters  that  are  robust  against  errors in centroiding: the  brightest  part of the 

FUV image is often  not  at, or even near,  the  optical  center.  due  to  the  prominence of 

off-center star-forming regions. Instead of a central concentration  measurement,  a  simple 

concentration  index  that  measures  the  fraction of total light in a small  aperture  around  the 

brightest pixel (wherever it is located)  may be more  appropriately measllred on irregular 

galmies.  Arlother useful element wotlltl be  the  scale of various features o r  asytnmetries. 

This would distinguish  between  a  global clisturba.nce and a peculiarity due t o  a s t l d l ,  bright 



region. One could also measure  the size scale of the  brightest  emitting regions to  determine 

if most of the light comes  from  one  large  structure  or  many  smaller  ones  and  thus  describe 

the  texture  or  “patchiness” of the  galaxy.  Finally, it is important  to  consider  the effects 

of noise on any  derived  morphological  parameters,  especially for rest-frame UV images  or 

faint  galaxies. In our  FUV  images,  large  regions  within  the  galaxy  aperture  often  contain 

little or  no  galaxy  light,  contributing  noise  but  no  signal  to  the  measurements  (particularly 

the  asymmetry). 
a 

In the  future, we intend  to  develop  quantitative  morphological  parameters  applicable 

to  rest-frame UV images,  which  could  serve as tools for morphological  analysis of future 

UV imaging  data  from STIS and G.4LEX as well as deep  optical/NIR  surveys of distant 

objects.  A classification scheme  with  the  chara.cteristics  outlined  above  could  prove a 

valuable  addition  to  the  Hubble  sequence for studies of evolution in the  galaxy  population 

over the  history of the universe. 
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Fig. 1.- FIiV and  xtificially  redshifted  images of MlOl  and NGC 4214, oriented  with 

North  up  and  East to  the left. The FUV M101 image is a 1311s UIT exposure,  and  the 

redshifted  MlOl  images  are  scaled  as  they would appear in the HDF. The FUV NGC 4214 

image is a 1061s U I T  exposure,  and  the  redshifted NGC 4214 images  again  simulate  the 

HDF. The scale  bar shown in the F300W panel for each  galaxy is applicable  to all redshifted 

images of that galaxy. 

Fig. 2.- U-band and  artificially  redshifted  images of M51, oriented  with  North  up  and  East 

to   the  left. The  U-band  image  has  foreground  stars  removed.  The  center  and  right-hand 

panels  and  simulate  the  appearance of M51 in the HDF at   the  redshifts  noted  on the labels. 

Fig. 3.- Va,lues  of the  central  concentration ( C )  and  asymmetry ( A )  indices  as a function 

of wavelength for ten  galaxies in our  sample. 

Fig. 4.- Change in C and A between  optical  and  FUV  images, for different optical filters 

noted on the label in each  panel.  Open circles are  galaxies of type E/SO, solid squares  are 

types Sa-Sb, open  squares  are  Sbc-Sd,  and  stars  are  types  Irr/Pec/Merger.  Errorbars for 

AC and AA4 are  shown in the  bottom  panels.  In  the  right-hand  panels, solid horizontal lines 

mark AC, “I = 0, diagonal  dotted  lines  are  fits  to  data,  from all filters  together,  and  diagonal 

solid  lines are fits to  data for each  filter  individually. 

Fig. 5.- Optical  and FUV images of NGC 151’2, NGC 3310, and NGC 3736 to  demonstrate 

hnd-shifting effects in various gahxy  types.  Images  are  registered  to  the FUV coordinate 

system and oriented  with  North  up  and  East  to  the left. .As in I i O O ,  images are  disphyed irl 

calibrated flus units  such  that pixels of the  same  surface  brightness  have  constant  darkness 

for both i n m p  of the  same ga.lasy. The  scale  bar i n  the lower right is applicable  to all 

t 
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Fig. 6.- Optical ( V  or R as available, B for NGC 1068) and  FUV  galaxy  data  on  the 

log C us log A diagram.  Symbols for galaxies of different  Hubble  types  are  the  same as 

in Figure 4. Dashed  lines  denote  the  divisions  into  morphological  bins  used by Abraham 

et a1.(1996b),  which  have  been  shifted by the offsets calculated in Section 3. Errorbars for 

different locations on the  diagram  are shown as described in the  text. 

Fig. 7.- Histograms of the change in C and A between  the U-band or FUV image  and  its 

artificially  redshifted  counterparts.  The  bin  size is 0.1,  and  errorbars for AC and AA based 

on the  uncertainties in C and A (see  text)  are  shown in the  top  panels.  Labels in each  panel 

show the rest-frame  image used (either U or FUV) and the redshift  simulated. 

Fig. 8.- Histograms of AC and AA resulting  from  changing  the  aperture  size  from a fixed 

limit for all data  to  an  adjusted value  based  on the  limiting  surface  brightness of each  image. 

Errorbars  are  shown  based on the  propagation of our  uncertainties in C and A through  the 

arithmetic  to  get AC, A .  This likely overestimates  the  true  error,  as  here we are  comparing 

values of C, ,-I measured  on  the  same  image  but  with different aperture  radii. 

Fig. 9.- The  apparent  change in galaxy  morphology  with  redshift in optical  observations. 

The left-ha.nd panels  show  nearby  galaxies as seen  in the V-band. the  center  and  right-hand 

panels show the  same  galaxies as they would appear  at  the  redshifts  and in the  WFPC2 filters 

noted  on  the  labels.  The  center panels are  artificially  redshifted  rest-frame  U-band  images, 

and  the  right-hand  panels  are  rest-frame  FIW  images. Each  V-band image is scaled to  the 

equivalent of a - 5 second  exposure  and  binned  by 3;  the  artificially  redshifted  images  are 

unhinned  and  represent N 5% of the H D F  exposure  time for the  center  panels  and  the  entire 

HDF exposure  time for the right-hand panels. 
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denote  the divisions into morphological  bins  as in Figure 6. Representative  errorbars for 

different locations  on the diagram  are  shown in the final panel,  as in Figure 6. Data for 

z 5 1.2  are  from  redshift  simulations of rest-frame  U-band  images,  and data for z 2 2  are 

from  artificially  redshifted FUV images. 

Fig. 11.- Trajectories of several  galaxies in the log C vs log A diagram  from  their  position 

as  measured on optical  images  to  that  measured on artificially  redshifted  rest-frame UV 

images.  The  larger  point for each  galaxy  marks  the  optical  position,  then  smaller  points  at 

each  simulated  redshift  are  connected in order by the lines. 

Fig. 12.- Comparison to   the  HDF morphologies and  redshift  simulations of Abraham  et 

al. (1996a).  The  shaded  region  denotes  the  area  occupied  by HDF galaxies,  and  the  open 

polygon is the locus of the artificially  redshifted Frei galaxy  sample as measured  by  Abraham 

et al. (1996a,). Our  data for different redshift  simulations  are  shown  as different symbols 

for  each  redshift, as noted  on  the  plot.  Errorbars for  different locations on the  diagram  are 

shown. 

Fig. 13.- Simulated  high-redshift  spirals  that  resemble pecu1ia.r galaxy  types identified in 

deep  survey  images.  Images  are  oriented  with  North  up a,nd East  to  the  left,  and a scale bar 

and  label for the  simulated  redshift  are  shown in each  panel. 
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TABLE 1 
BASIC DATA FOR SAMPLE  GALAXIES WITH FUV'IMAGES 

Name Hubble Typea  Optical Datab Redshifted FUVb Redshifted Ub 

NGC 925 
NGC 1068 
NGC  1097 
NGC 1313 
NGC 1365 
NGC 1510 
NGC 1512 
NGC 1566 
NGC 1672 
NGC 2403 
NGC 2841 
NGC 2903 
NGC 3226 
NGC 3227 
NGC 3310 
NGC 3351 
NGC 3389 
NGC 4038 
NGC 4039 
NGC 4214 
NGC 4258 
NGC 4449 
NGC 4470 
NGC 4486 
NGC 4631 
NGC 4647 
NGC 4736 
NGC: 5055 
NGC 5194 
NGC 5236 
NCC 5253 
N C C  5457 

(M77) 

(M95) 

(M106) 

(M  87) 

(M94) 
( M 63) 

(M83) 

(MIO1) 

(M51) 

SAB(s)d 
RSA(rs)b 

SB(s)b 
SB(s)d 
SB(s)b 
SO pec 
SB(r)a 

SAB(s)bc 
SB(s)b 

SAB(s)cd 
SA(r)b 

SAB(rs)bc 
E2 pec 

SAB(s)a pec 
SAB(r)bc pec 

SB(r)b 
SA(s)c 

SB(s)m pec 
SA(s)m pec 

IAB(s)m 
SAB(s)bc 

IBm 
Sa pec 

EO pec (cD) 
SB(s)d 

SAB(rs)c 
(R)SA(r)ab 
SX(rs)bc 

SA(s)bc pec 
S.AB(s)c 

pec 
SAB(rs)cd 

UB VR 
UB 

UB VI 
UB VI 

UB VI 
UB VI 
UB VI 
UB VI 

UB VRI 
U VR 

UB VR 
BR 
BR 
VR 

B VRI 
R 

u VI 
u VI 

B VRI 

. . .  

. . .  
B VRI 

. . .  

. . .  

. . .  

R 
uv 

UB VR 
UB VR I 
lJBRl 
B V f  
. . .  

Y 
Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
N 
Y 
N 
Y 
Y 
N 
Y 

t 

Y 
Y 
Y 
Y 
N 
N 
Y 
Y 
Y 
Y 
Y 
Y 
N 
N 
N 
N 
N 
1- 
Y 
N 
N 
N 
N 
N 
N 
N 
Y 
Y 
Y 
Y 
N 
N 

"Dnt.a from the RC3 (de Vaucouleurs et al. 1991). 
"hvnilabilit,y of cent,ral concentration and  asymmetry d a h ,  denoted by filt,er for t.he 

[:IJV/opt.ic.nl column and by Y(es) or N(o) for t,he  redshift, simulations. 
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TABLE 2 
COSCESTRATIOS ASD ASYMMETRY  PARAMETERS FOR FUV ASD OPTICAL IMAGES 

NGC 9% 0.40 
NGC 1068 0.20 
NGC 1097  0.32 
NGC  1313  0.20 
NGC  1365 0.4.5 
NGC 1.510 0.12 
NGC 1.512 0.36 
NGC 1.566 0.21 
NGC 1672 0.13 
NGC  2403 0.44 
NGC  2841 0.56 
NGC  2903  0.53 
NGC  3226/7 0.35 
NGC  3310  0.22 
NGC 33.51 0.32 
NGC 3389 0.3.5 
NGC  4038/9  0.00 
NGC 4214 0.18 
NGC  4258 0.65 
NGC 4449 0.36 
NGC 4470 0.30 
NGC 4486 0.10 
NGC  4631  0.80 
NGC 4647 0.20 
NGC 4736  0.22 
NGC 50.53 0.37 
NGC 5194 0.30 
NGC 3236 0.10 
NGC ,3253 0..57 
NGC .54.57 0.00 

11.5 0.20 0.34 0.37 0.37 
84 0.54 0.49 0.50 " '  

140 0.17 0.44 0.47 0.50 
40 0.28 0.39 0.41 0.41 
32  0.13 . . . . . . . . .  

14.5 0.51 0.73 0.68 0.64 
46 0.15 0.34  0.37 0.40 
40 0.30 0.54 0.57 0.60 

161 0.19  0.35  0.36 0.39 
130 0.28  0.41 0.41 0.42 
147 0.14 0.32 . . .  0.39 
24 0.23  0.32  0.33 0.34 

1.57 0.19 " '  0.30 . . .  
170 0.76 . . . . . .  0.75 
17 0.21 . . '  0.3.5 0.39 

108 0.21 . . . . . . . . .  
. . .  0.14 0.18 . ' .  0.18 
132 0.54 ' . '  0.53 0.54 
150 0.72 . . . . . . . . .  

60 0.31 . . .  0.55 0.54 
0 0.33 . . . . . . . . .  
0 0.39 _ _ .   _ _ .   _ .  . 

86 0.37 . . . . . . . . .  
13.5 0.22 . . . . . . . . .  

95 0.54 0.58 " ' 0.60 
102 0.25 0.38 0.41 0.42 
30 0.22  0.30 0.28 0.30 
80 0.23  0.25  0.27 . . .  

43 0.66 ' ' _  0.30 0.48 
. . .  0.4 1 . . . . . . . . .  

0.35 . . .  0.72 
0.28 

. . .  0..53 0.64 

. . .  0.37  0.64 
0.72 

. . .  0..50 0.2.5 

. . .  0.41 0.69 

. . .  0.60 0.47 

. . .  0.42 0.61 
0.45  0.39 0.74 
0.39 . . .  0.78 
0.3.5  0.34 0.62 

. . . . . .  

. . . . . .  

0.34 , .  . 0.60 
0.73 " .  0.17 
0.40 0.43 0.42 
0.31 ' . .  0.39 
. . .  0.20 0.89 

0..51 0.50 0.35 
0..38 

0.31 0..51 0.38 
0.20 
0.30 
0.46 

0.23 . . .  0.5.5 
0.20 

0.43 ' 1 .  0..39 
0.30  0.31 O..A 
0.31 0.36 0.33 
. . .  0.37  0.22 

0.69 

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . .  

0.22 0.17 0.13 0.15 . . .  
0.18 0.13 . . . . . . . . .  
0.27  0.21 0.19 " ' 0.12 
0.34  0.22  0.21 . . .  0.17 

0.21 0.16 0.15 . . .  0.10 
0.12 0.08 0.06 ' . .  0.04 
0.25 0.18 0.15 " . 0.12 
0.27 0.21 0.17 " ' 0.11 
0.26 0.17 0.13 0.14 0.15 
0.12 " '  0.10 0.08 . ' .  

0.16 0.13  0.11 0.10 0.06 
. . .  0.34 . . .  0.33 . . .  

0.16 0.12 . . '  
. . .  0.06 0.05 0.05 0.06 

0.19 ' "  

0.63 . . .  0.48 . . ' 0.42 
. . .  0.14  0.14  0.12 0.13 

. . .  0.19  0.17 0.1.5 0.13 

. . . . . . . . . . . . . . .  

. . . . . .  

. . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

. . . . . . . . .  0.11 _ ' '  

0.10 " '  0.06 
0.19  0.19 0.17 0.15 " '  

0.30 0.24 0.25  0.24 0.25 
0.18 0.21 ' " 0.13  0.11 
. . .  0.10 0.12 . ' '  0.0s 

. . . . . .  

. . . . . . . . . . . . . .  
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TABLE 3 
COXCEXTRATION AXD ASYMMETRY PARAMETERS FOR ARTIFICIALLY REDSIIIPTED I M A G E S ~  

N a r l ~  C ( F U V , Z ~ ) ~ A  C (FUV,z2) A C (FUV,z3) A C (FUV,z4) A G (lr ,z0.6) A C (GT71.2) A 

. . .  NGC 925  0.23 0.56 0.22  0.56  0.22  0.52 . .  0.47  0.24 0.40 0.36 
NGC 1068 0.53 0.14 0.51 0.21 0.52 0.20 0.45 0.34 0.38 0.52 0.40 0.54 
NGC 1097 0.18 0.55 0.18 0.58 0.18 0.56 0.12 0.66 0.44 0.24 0.42 0.36 
NGC 1313 0.35 0.36 0.33 0.36 0.32 0.40 0.17 0.65 0.44 0.36 0.40 0.43 

. . .  . . .  . . .  NGC 1365  0.14  0.58 0.14 0.60 0.14 0.57  0.10  0.68 . . .  
NGC 1512 0.18 0.49 0.19 0.49 0.17  0.53 . . .  0.40 0.12 0.35  0.25 . . .  
NGC 1566 0.31 0.42 0.28 0.47 0.29 0.43 0.15 0.62 0.55 0.2.5 0.46 0.28 
NGC 167'2 0.22 0.42 0.22 0.46 0.23 0.45 0.15 0.60 0.43 0.28 0.36 0.30 

. . .  NGC 2403  0.24  0.58  0.20  0.59  0.20  0.54 . . .  0.44 0.16 0.42  0.20 
. . .  . . .  . . .  . . .  . . .  . . .  NGC 2841 ' .  . . . .  0.33 0.10 0.30 0.09 

. . .  NGC 2903 0.21 0.50 0.22 0.56 0.21  0.62 . . .  0.31  0.07  0.32 0.06 
NGC  3226/7 0.17 0.66 0.15 0.67 0.16 0.66 
NGC 3310 0.72  0.26 0.71 0.15 0.72  0.23  0.47 0.18 
NGC 3389 0.22  0.38 0.21 0.40 0.21  0.38 

. . .  . . .  . . .  . . .  . . .  . . .  

. . .  . . .   . . .  . . .  

. . .  . . .  . . .  . . .  . . .  
NGC  4038i9 0.14 0.82  0.13  0.81 0.14 0.80 0.11 0.7'2 0.23 0.62  0.19  0.62 

. . .  

. . .  . . .  . . .  NGC 4214 0.54  0.18 0.50 0.27 0.52  0.32 0.39  0.48 
NGC 4233 0.28  0.62 0.25  0.55 0.26 0.561 
NGC 4449 0.56 0.15 0.54 0.19 0.51 0.42 0.40 0.31 . . .  
NGC 447'0 0.32 0.25 0.33 0.27 0.29  0.27 
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